Abstract-Training and calibration is normally required for the users of Electromyographic (EMG) control systems, which can require a lot of time and expertise. It is necessary to reduce training and calibration so that EMG control can be deployed in real-world applications, with minimal hassle. Based on our previous work, this paper investigates a novel method of using an automatic circumference measuring device to determine forearm circumference, in order to estimate maximum voluntary contraction (MVC) via linear regression. MVC is commonly used for threshold adjustment, hence automatic estimation can be used to auto-calibrate EMG thresholds. A new load cell based automatic measuring circumference device is demonstrated, and an experiment is performed which confirms the potential of using forearm circumference for estimating MVC. Experimental results confirm the feasibility of the concept, and the performance of the developed device.
I. INTRODUCTION
Electromyography (EMG) is the study of our muscles electrical properties, and has been studied since the mid sixteenth century. Fast forward to the 20th century, this discovery led to technology that is being used in commercial prothesis and analysis of nerve and muscle function. Recently over the last decade, EMG technology has seen a boost in popularity, with new interfaces being developed, and various applications from: robotic control, exoskeletons, rehabilitation, to virtual reality and games control. Applications that are developed on forearm EMG are of particular interest, as the muscles that control the majority of our hand motion are found in the forearm.
The forearm has a complex muscle configuration, with muscles overlapping and multi-functional control. If the exact movement of a human hand can be electronically deciphered, a natural way of interfacing our biological complexity with various forms of technology can be achieved, and provides a rich source of input commands for everyday electronics and robots. Today there are many instances of EMG being used in gesture control [16] [17] [10] . Which suggests the possibility that we could one day recreate hand functionality. The majority of approaches use new signal processing and machine learning to increase device accuracy, *This research has been financially supported by the EPSRC grant -EP/K004638/1. The 1st author is financially supported by EPSRC Studentship EP/P504910/1.
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but surprisingly little has been done on trying to incorporate anthropometric variables such as forearm structure. To our knowledge, there have been no implementations that actively use forearm anatomy as a compensationary method for adapting EMG systems for multiple users.
EMG signals generated by body movements do contain information relating to the muscle, and patterns can be extracted with pattern recognition techniques [15] . However, this complex process of signal processing and machine learning may be simplified by using more direct information about the forearm itself. By using forearm circumference, it is possible to roughly estimate Maximum Voluntary Contraction (MVC), as we will demonstrate later in this paper. This relationship could allow the simple calibration of an EMG system. In daily operations, training and calibration of EMG systems may take a few minutes, up to half an hour. If a person had to train or calibrate an EMG interface every time he or she wanted to access their device, they would most likely abandon the device for a faster and better alternative. This is one of the biggest hurdles that EMG faces before it can reach the general public.
For simple EMG systems, auto calibration can be achieved by estimating the users MVC. Currently there are no methods for automatically estimating MVC before the user begins movement, which is why every user is required to calibrate a new system. This paper proposes a novel approach to automatically calibrate EMG thresholds, by estimating MVC from forearm circumference. It aims to create a system that is instantly compatible with any user, with minimal need for calibration and training. The system takes a small step towards making bionic muscle interfaces easier to use. The rest of the paper is organized as follows. Section II presents some background about Maximum Voluntary Contraction (MVC), and how to validate the potential for estimating MVC, from forearm circumference. In Section III, the design of a load cell based automatic circumference armband is described, and a preliminary functional prototype is presented. Section IV explains the experiment setup and results, along with demonstrating a better relationship between circumference and MVC. Discussion is given in Section V to analyze the performance of using MVC based on circumference for calibration. Finally, a brief conclusion and future work is presented in Section VI.
II. BACKGROUND
There are a number of considerations that need to be taken into account when using EMG, for example electrode position, electrode contact, temperature, fatigue, noise and 2013 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM) Wollongong, Australia, July 9-12, 2013 978-1-4673-5320-5/13/$31.00 ©2013 Crownbody composition. Every person is different, every reading is different, and by beginning to stabilize some of the unknown variables, and incorporating or considering these values in calculations, it is likely to increase accuracy or at least stabilize results.
Thresholding techniques, although not necessarily complex, do require some calibration between users. This is often done by measuring a users Maximum Voluntary Contraction (MVC) by means of amplitude based features, like Root Mean Squared (RMS) and Mean Absolute Value (MAV), which can then be used to normalize the EMG signal. MVC helps determine more comfortable activation thresholds for individual users. A system where one person has to apply intense force to pass a threshold and where others barely have to flex their muscles, makes the system unresponsive to user requirements. Being able to adjust to a proportion of the users maximum strength enables a system to find a comfortable level, making the system more user friendly.
A circumference armband should be able to roughly estimate MVC, by automatically measuring the circumference of the forearm, this is viable as there is a correlation between muscle size and muscle force [3] , and muscle force and MVC [11] . From the previous statement we can logical assume muscle size should be able to predict MVC. Therefore circumference, which is dependant on muscle size, could be able to predict MVC. However any relationship would likely be limited to the larger surface muscles, as these muscle are easily monitored and form the majority of the circumference.
There are circumstances where the larger muscle is not always the stronger muscle, as there are three important factors that contribute towards muscle strength: physiological strength, neurological strength and mechanical strength. Physiological strength involves factors of muscle size, neurological strength relates to the strength of the signal that tells your muscles to contract, and mechanical strength is how efficiently your muscles and bones work together as levers. In addition there are two types of voluntary contraction muscle fibers, slow twitch and fast twitch. Slow twitch fibers generate little force but operate for long periods of time, while fast twitch fibers are powerful but tire rapidly. Depending on which muscle fibers you have can influence your strength. Level of motivation and visual feedback have also been shown to influence MVC [7] . Therefore muscle size may only be acceptable as an estimator of MVC.
Maximum voluntary contraction is the maximum ability to contract ones muscles. Logically when related to the MVC of forearm muscles, grip strength becomes a good predictor, as forearm muscles control the majority of hand motions.
Hou et al [9] were able to relate hand grip force with EMG MVC levels, which demonstrate the relationship between MVC and hand grip strength. As mentioned previously muscle strength is related to muscle size, therefore circumference has the potential to predict MVC. However, Hou et al do show varying ranges of accuracy are produced at different levels of MVC, with the most accurate results produced in the mid MVC range of 30-50%.
Our previous paper [5] suggests the feasibility of estimating MVC from forearm circumference, however the results between circumference and MVC were not as correlated as expected. There was a strong correlation between forearm size and grip strength, but a much weaker but still positive relationship between MVC and forearm circumference. The electrode positions were placed at a simple to locate position at the center of the forearm, with the aim of easy and repeatable estimation of muscle activity. Considering the numerous studies relating muscle force to MVC lead us to believe that the electrodes were not acquiring enough EMG signal from the main muscles used in gripping, therefore the setup should be improved, but none the less demonstrated that upper forearm circumference was capable of roughly estimating MVC from circumference. Previously, a preliminary functional prototype of an automatic circumference measuring armband was built for testing. A full description is provided in [5] . This version of the circumference armband was a first prototype, it was designed to evaluate the potential of circumference measurability.
A further circumference measuring device has been subsequently developed, the aim was to improve the reliability of measurements, and greatly reduce the size and amount of moving parts. In response to this, the idea of using a similar device to an electrical scale, whereby elastic around the forearm would place pressure on the scale, therefore in theory providing a linear relationship between applied scale pressure and forearm size. Hence the exploration of the Automatic Circumference Armband V2 (Load Cell based), which is described in the next section.
Attempting to measure forearm size could be used in various fields of research. It has primary interest within the medical and health industries but could also importantly be used in area's of wearable robotics. Detecting human physiological characteristics is likely to become a more important field in the future, when an increased number of wearable devices will be available, making automatic adaption or calibration a very useful feature.
III. DESIGN OF AUTOMATIC CIRCUMFERENCE ARMBAND V2 -LOAD CELL BASED
Version 2 of the Automatic Circumference Armband is Load Cell based. Load cells work on the principle, that a change in resistance is in response to an applied load. Strain gauges are essentially resistors which can be bonded to a metallic structure, when the metal is stressed by applying force, the resulting strain leads to a change in resistance. Using a circuit similar to a voltage divider or wheat stone bridge, a change in resistance leads to a change in output voltage.
A picture of our circumference measurement sensor is shown in figure 1 . The load cells are attached to the two metallic beams and are connected to a custom made support constructed from Acrylic. The left most spider like piece of Acrylic is placed on top of the sensor. An elastic strap is placed on the ridges, and each ridge pair allows for adjustment of the sensors sensitivity. Figure 2 of the sensor on a model arm helps visualize the setup. Two load cells have been used, one is for the detection of the elastic force applied when wrapped around the forearm, and the other is used as a reference so that any motion artifacts can be removed. The sensor is 29 x 39 x 22mm in size and under 20g.
The readings from the armband are passed into a INA128 instrumentation amplifier and amplified to a usable level, where the signal is passed to the 10bit ADC of a 16f877a microcontroller and transmitted to a computer for processing and graphical representation. In theory this version of the armband with a 10bit ADC could achieve better than 1mm accuracy. In practice only around 5-10mm accuracy was achieved. One benefit of the design is, by simply changing the size of the elastic strap any body type can be measured.
IV. EXPERIMENTS A. Experiment Setup
The hardware used for estimating Maximum Volentary Contractions(MVC), included 4 Biometrics differential EMG electrodes, 1 Dynamometer hand force sensor, and EMG acquiring hardware (as shown in fig 3 ) .
For the experiment setup, Four EMG electrodes were placed on the forearm at the wrist, mid-forearm and upper forearm, as shown in figure 4 , however due to electrode size it was found to be impractical to use this setup on the wrist, hence only electrode 1 was used.
During the experiment, participants were asked to hold the force sensor in neutral position (joystick position), while having the elbow joint at 90 degrees. They were then asked to grip the force sensor as hard as they could for a short 
B. Experimental Results
A study was performed to assess and confirm the relationship of forearm circumference with force and MVC. Wrist, mid-forearm and upper forearm circumference measurements were taken from 14 subjects aging between 24 and 51.
Reasonable relationships were observed when comparing wrist, mid forearm and upper forearm circumference to force data (figure 5), which had average errors of 5.55kg, 5.72kg and 3.61kg respectively. This suggests that if the theory relating muscle force to EMG MVC holds, then we should be able to observe a linear relationship between circumference and EMG MVC. Compared to previous results in [5] , a better linear relationship was observed on a couple of the electrodes when comparing the upper forearm circumference against MVC.
The best result of the experiment was observed on Electrode 2 on the upper forearm (figure 6), which was placed over the Palmaris longus/Flexor digitorum profundus region, which are involved in wrist and finger flexing. Figure 6 demonstrates the relationship between MVC and forearm circumferences. Although not perfect, it does suggest the potential of using circumference for estimating MVC. The upper forearm electrodes produced the most stable results, with E1, E2 and E4 producing the strongest results and E3 Lines of the average(dotted line) and best fit(solid line) were added to the graphs. This is to show how a system that uses the average of the data for threshold calibration, compares to a circumference based technique. Table I shows the comparison of standard deviation (SD) for the average line and linear deviation (LD) of the circumference best fit line. Improvement is the percentage improvement between linear and standard deviations.
As you can see from table I, by incorporating circumference data we are able to reduce the data deviation by up to 22.45%. The deviation is lowest on the upper forearm which has an average linear deviation of 0.136mV compared to 0.219mV of the Mid forearm. The Upper Forearm has better results, so will likely be used instead of the mid-forearm. The electrode with the lowest deviation came from UFE2 (Upper Forearm Electrode 2) with a LD of 0.07957mV using the liner best fit threshold approach, which proved to be 22.45% better than average thresholding. Surprisingly the 2nd lowest deviation came from UFE1, providing slightly better (0.56%) As mentioned earlier, and as you can see from table I results, estimating MVC by Forearm Circumference may not work for everyone, but could potentially work for the majority, in some situations it may be necessary to filter data to provide higher accuracy for the overwhelming majority, which for this sample was only performed on UFE2 data, where an outlier outside of two linear deviations was detected. This does not mean that the user cannot use the EMG device, but instead will be required to do manual calibration. Ideally further anthropometric variables will be needed to help compensate for every body composition.
In figure 6 , it is possible to see that the average ( dotted line ) of the data provides a reasonable result for adjusting thresholds for a portion of the test group, but completely fails for individuals at the bottom of the circumference spectrum. The inclusion of circumference data with linear regression analysis ( solid red line ) provides a much better result for the bottom spectrum, while also improving the top range. With a more even spread of circumference data, you would be likely to see an even greater improvement in the top range.
To try and determine how the calculated regression equation would be with new data, 3 additional test participants were found. The resulting percentage prediction error was 11.67% for participant A, 49.03% be B, and 14.72% for C. Suggesting that the regression equation provides an acceptable error for participants A and C, but B would require manual calibration.
Some early analysis of the results showed that the data with the greatest variance was linked to Body Mass Index (BMI), with higher than expected MVC results having a low BMI, and lower than expected results having a high BMI, this is shown in figure 7 . Baars et al [2] state, the further away the monitoring electrode is from the source, the greater the reduction of MVC amplitude. These are logical results, as an individual with low BMI is likely to have less body fat than normal, which is proven to increase MVC as the electrode is closer to the muscle. Similarly a high BMI individual will most likely have higher body fat, and hence will have a lower MVC due to an increase in electrode distance from the muscle. This suggests that BMI, or potentially another form of overweight/fat detection, may be able to compensate for abnormal results, and as shown in figure 7 , could further improve the correlation expected between circumference and MVC. Test participant B was found to have a very low BMI (17.28), suggesting this could be the reason for the abnormally high error. BMI is not the most accurate measure, as it measures your weight to height ratio, hence individuals who have high muscle but low body fat will be put into the same category as an overweight individual. With obesity on the rise, detection of body fat percentage would be a useful parameter for increasing the stability of results.
This demonstrates how automatic circumference measurement could be used to establish better thresholds to fit a group.
V. DISCUSSION
The link between MVC, muscle strength and circumference has already been established [1] [12] . Our research is about trying to establish an easy to obtain sensor position, such that automatic circumference measurements might be able to estimate MVC for automatic calibration within an acceptable error. However the stipulation of easy sensor position will likely effect the accuracy, hence a balance between easy electrode placement and accuracy will be needed.
A system estimating MVC could be beneficial to a number of research projects [8] [4] [6] in cases where thresholds could be automatically adapted, or added to adapt to a wider population. Single thresholds that are simply averaged over a group don't work well. As shown in the previous section, using circumference based linear regression thresholds works much better, however there is the possibility of outliers for whom the system fails. Being able to detect these outliers automatical via other human characteristics, and adjusts accordingly, would be very beneficial to the user.
Estimating MVC from forearm circumference would work for a large portion of the population, but it assumes that you are healthy and have no debilitating muscle related problems. Hand strength can diminish with conditions like carpal tunnel syndrome, nerve tendon or any neuromuscular disorders. In which case, along with automatic calibrations, there should also be the option for manual calibrations using the MVC amplitude of the EMG signal. There are certain issues with measuring MVC through automatic circumference measurements, like fatigue for example. Circumference doesn't vary considerably over the day however your level of fatigue may, and this will effect your MVC. This is why circumference can only be used to estimate MVC for aiding in the adjustment of thresholds.
Interestingly during one individuals experiment which produced abnormally high results, the individual was noticeably nervous. Nervousness induces adrenaline and tenses your muscles, and would alter the skin to electrode impedance, which may have effected the EMG output. Analysis of skin impedance may be another area to analyze to improve results. The results of the study relating MVC to circumference are promising, and show a good relationship over the wide ethnic background and age ranges. This small study confirms that it is possible to estimate MVC from easy to locate electrode positions. To further validate results a wider set of test subjects would be needed, ideally with more individuals at the extremes, i.e. overweight, underweight, very low body fat, very high body fat. This would most likely negatively effect the relationship but could hopefully be compensated with body fat measurements (if accurate enough).
The load cell based circumference armband in theory could be very accurate with a 10bit ADC, but in practice only 5-10mm accuracy was achieved, this was due to two reasons. One, the elastic strap can get tangled and repeatable placement is difficult, and two, sensor shape tended to make the sensor a little off balance at higher circumferences. Both issues could be easily addressed by redesigning the sensor top and the elastic strap. The ideal sensor would be much smaller, therefore further research is still needed to minimize the sensor. Other sensors have been consider, for example piezoelectric and stretch sensors, but neither provide the necessary functionality to accurately measure circumference in the required situations.
It is possible that there are too many factors that contribute towards estimating MVC, circumference certainly plays a role, but perhaps not significantly enough to be used alone. MVC is often used for adjusting thresholds, considering only an estimation is needed to slightly increase or decrease thresholds, automatic circumference measuring could provide an acceptable way to estimate thresholds, or at least be combined with 1 or 2 other measures, for example body fat percentage, which might enhance reliability.
Using muscle circumference to estimate MVC thresholds could be an initial step, it would be possible to use the average EMG signal over time to fine tune readings. This would also begin to help compensate for fatigue.
All EMG systems have cross user interfacing issues, no one system has been able to adapt to every user faultlessly [13] , but there have been instances of relatively good cross user implementations, with results in the region of 90% [15] . It is possible that signal processing alone is able to establish a reasonable level of cross user operability, however, adding body compositional information could improve results further.
With simple programming a EMG armband system with automatic circumference measurement incorporated, could have the bonus of being able to detect when a user was attempting to put on or take off the armband, meaning the system could reduce its operation while the user is adjusting it. Once the system is removed the armband reduces to its minimum circumference, verifying the likelihood that the device has been removed and could switch off after a few minutes of inactive operation.
This confirms the usefulness of automating circumference measurements for aiding in the estimation of MVC thresholds. With more participants a greater relationship may be observed. Considering there is a good relationship between forearm circumference and force, but not as strong for EMG MVC, it is likely that more compensational measurements may be needed.
VI. CONCLUSION
The use of anthropometric variables is an unusual way for improving muscle based interfaces, and provides a new area to be investigated. The contributions of this paper include finding a stronger linear relationship between MVC and upper forearm circumference than previous research, further suggesting the potential for automatic calibration of EMG threshold. Along with demonstrating that a form of body fat/ BMI measure could improve results further. The paper also contributes the design of a new, more compact, automatic circumference measuring armband aiding in the automatic adjustment of MVC thresholds. The new load cell based circumference measuring armband was developed and evaluated, having the ability to measure circumference within 5-10mm accuracy. The circumference armbands are by no means complete solutions for fully automating a muscle interfacing system, but is an attempt to try and improve EMG cross-user implementations. Further properties may have to be incorporated before it becomes reliable enough to be usable on a variety of body compositions.
Using anthropometric variables for estimating MVC will hopefully provide a stronger foundation to help develop better cross user interfaces. By starting to estimate MVC, you may be able to reduce the complexity of the user differentiation problem, and hopefully improve the accuracy of more complicated signal processing techniques. The preliminary studies relating MVC to forearm circumference found that by simply adding circumference data, MVC prediction could be improved over simple averaging predictions. With the best results on the upper forearm, which gave less error than the mid-forearm and wrist. This confirms that the current setup suits the upper forearm best for predicting MVC for automatic calibration.
This research shows the potential that anthropometric variables could have in simplifying cross user interfaces, so that one day EMG interfaces may become more readily available to the public. Once minimized, the automatic circumference armband would be particulary suited to calibrate a portable EMG based armband on the upper forearm. The prediction of MVC from circumference will need to include further parameters to improve accuracy. Body fat measurements show promise for aiding in compensating for the differences between individuals, and may be evaluated for use in future designs.
